Many of the real world problems in engineering and science involve interactions of multiple materials and phases. The numerical modeling of such system should be able to handle the material and phase multitude to capture physics of problems. Here we present our initial results for introducing fluid-structure interaction for flexible geometries in our multimaterial multiphase fluid solver, which also captures phase change phenomena such as solidification and boiling. The multimaterial approach applies a hybrid moment of fluid and level set algorithm to handle material domains. The fluid-structure interaction method is a force-feedback algorithm developed for a flexible fiber geometry. Numerical simulations are performed to evaluate this approach, and as an application, study the effects of an oscillating flexible/rigid plate on a single-bubble nucleate pool boiling process.
Nomenclature

Introduction
T numerical modeling and simulation of physical problems are essential tools for modern scientific and engineering studies, and they are becoming more accessible by the advent of computational power through better computers, cheaper hardware, and hybrid parallelization. Many different numerical methods have been developed to study fluid flows. Along with numerous methods and algorithms to numerically model single material flows, some have been developed to consider two-material cases [1] [2] [3] [4] [5] [6] , and few have been extended to multimaterial systems with more than two materials/phases [7] [8] [9] [10] [11] . Generally, the numerical methods around interfacial regions are different from the methods for bulk regions, and this brings more complexity to the design and development process [12] [13] [14] [15] . In addition, the physics of interfacial multimaterial contact regions is a multiscale problem and still an active research subject.
The inclusion of phase-change dynamics and flexible structures in the problem makes the list of available numerical methods even shorter [16] [17] [18] [19] [20] . These methods need to consider interfacial properties such as surface tension forces and fluid-structure interaction, while accurately account for material/momentum/energy exchange on geometrically complicated interfaces and material domains. Also, the physical behaviors such as volume expansion/shrinkage due to phase change, and material dynamics at the phase change state are less studied for numerical modeling compared to other multimaterial interfacial dynamics [21] [22] [23] .
Overall, it is not a straightforward task to develop numerical methods those can handle all the phenomena mentioned above. Here we are putting together the efforts we have done on numerical modeling of multimaterial systems [3, 24] , phase change dynamics [25, 26] and Fluid-Structure interaction [27] [28] [29] to model and simulate a problem that requires all of these dynamics. The interaction of an active vortex generator and nucleate pool boiling is the problem we consider here to test capabilities and limitation of our approach. This problem also is relevant to the study thermal dynamics and heat transfer in heat sink channels.
In the first section, we describe the physical and mathematical description of the problem. In the second section, we outline an overview of the numerical methods. The tests to evaluate the numerical method are presented in the third section. We present the simulation results for nucleate pool boiling and the effects of vortex generators in the fourth section. The final section brings in the summary and conclusion.
Problem description
We are considering modeling and simulation of problems that include multiple materials and phases, and require fluid-structure interaction. The test problem contains the interaction of nucleate pool boiling of a vapor bubble seeded on a hot substrate and an oscillating flexible plate. The liquid and gas phases are considered incompressible fluids and evolved by the fluid solver. An stationary solid material, such as the substrate, also modeled within the fluid solver. A thin structural geometry, such as the flexible/rigid plate, assumed to have negligible volume compared the the bulk fluid materials, and therefore does not occupy any volume in the problem domain. Such structures would be handled with the structural solver. Here we try to formulate the problem description for fluid region in D f and structural region 
Fluid dynamics
The fluid flow of system consisting of N phases/materials is modeled by the incompressible Navier-Stokes equations of immiscible flows.
Material domain and interface
The material level set function φ i represents the physical domain for the ith material,
where x is the position vector in space and t is time. The interface level set represents the interface between materials i and j
> 0 x ∈ ith material domain, < 0 x ∈ jth material domain, = 0 x along the interface of ith and jth materials.
The normal and curvature defined based on these level set functions are:
Conservation of mass
We assume that each fluid material is incompressible, so that the velocity field u = (u, v, w) is divergence free within the bulk of each fluid:
The continuity equation is valid in the whole domain, except at the phase change front. In order to conserve mass, the following jump condition is applied on the phase change front:
where n i, j is the normal vector into the ith phase from jth phase, ρ is the density, and the difference operator defined as [x] ≡ x i − x j . The inward phase-change fluxṁ i, j is defined as follows [30] ,
where u p is the velocity of the front between ith and jth materials.
Conservation of momentum
The conservation of momentum for each material in its domain is given by
where p i and µ i are pressure and viscosity of material i respectively, g is the gravitational acceleration vector, f f is the force density feedback for the fluid-structure interaction, and D = (∇u + (∇u) T )/2 is the rate of deformation tensor. The jump condition between ith and jth materials is described by
where σ i, j is the surface tension coefficient between ith and jth materials
Conservation of energy
The conservation of energy for each material in its domain is given by
where C p,i and k i are heat capacity and thermal conductivity of material i respectively, and T is the temperature. The jump condition deduced from the balance of the latent heat and sensible heat gives the phase change inward flux,
where L i, j is the latent heat of phase change [31] .
Boundary conditions
• If there is a phase change between two materials, the interface between them is kept at the constant phase-change temperature T p .
• The velocity of the gas-liquid interface can be found from Eq. (6),
One can assume zero tangential velocity for the phase-change front (u p n i, j ), and use the energy jump condition Eq. (10) to find the phase-change front velocity Similarly, we can divide the phase-change interface displacement to the advection and phase change parts. The advection part is done by the background velocity u i , and the remaining part u p − u i defines the phase change interface velocity in the normal direction:
• On a multimaterial junction the surface tension forces lead to a equilibrium formation. For three materials it is known as the Neumann's triangle [32] :
We use a one fluid formulation [33] for the momentum equation that includes the surface tension force for multimaterial case,
where ρ and µ are combined quantities,
The jump condition on the material interface is satisfied by the second to last term in Eq. (14) , where γ m is defined based on the surface tension coefficients. For M = 3 these are defined as,
Fluid-fluid interface evolution Assume ν is the velocity of a material interface defined only on the interface. The front movement is governed by the advection of material color function
where ν ext is the extended version of ν defined also away from the interface, and H m is the Heaviside function defined as
Structural dynamics
The structure here confined to description as a flexible plate, is modeled as a one dimensional body D s = 1 with negligible thickness (h s ) and assumed to be elastic and inextensible with its dynamics governed by
where s is a Lagrangian coordinate along the plate, X = x, y describes the material position of the plate, t = ∂X ∂s is the unit tangent vector along the coordinate s, and n s is the unit normal vector. Furthermore, m e is the excess mass per unit spatial dimension of the structure. For D f = 2 and D s = 1 here it is defined as m e = m s − ρ f h s , where m s is the mass per unit length of the thin structure, ρ f is the density of the fluid, h s denotes the cross sectional thickness of the plate. On the right-hand side of the equation, σ is the tension and q is the transverse stress, and F s is the force density applied by the plate on the surrounding fluid. The inextensibility constraint of the plate is expressed as d dt ∂X ∂s = 0, which is reformulated as an equation for the tension σ as,
Using the Euler-Bernoulli assumption for a slender inextensible plate (M = k b κ, with M the elastic moment along plate, k b the bending rigidity, and κ = −n · ∂ 2 X ∂s 2 the local curvature along the plate), the transverse stress q becomes,
The free boundary condition at trailing end of the plate is enforced by imposing ∂ 2 X/∂s 2 = 0 and ∂ 3 X/∂s 3 = 0. To account for the support mechanism at the fixed edge, we have also assumed that the plate is fixed horizontally at its first 6% of its length, X(0 ≤ s ≤ 0.06L p , t) = X 0 and ∂X/∂s = (1, 0). In case of a pinned boundary condition at the trailing edge, we only set X(s = 0, t) = X 0 .
Fluid-structure interaction
The fluid-structure interaction is modeled as a feedback term [34, 35] in right hand side of Eq. (14) and Eq. (19):
where U f is the fluid velocity at the structure surface, and U s is the structure velocity, α and β coefficients representing spring-damper links of the feedback system between fluid and structure. The fluid velocity at the structure surface is transformed from fluid velocity in the bulk region using a Dirac delta kernel function:
Similarly, the fluid body force in bulk region transformed from the structure's body force on the structure's surface:
Boiling model
The boiling process for a vapor bubble in contact with a hot substrate is heavily relied on the material and thermal dynamics at the triple point. Mostly because of the formation of liquid film that slides under the contact region of the vapor bubble. A model to distinguish this micro region has developed by Stephan and Busse [36] . This model and its variations [37] [38] [39] has shown good results to predict the boiling rate and shape of the vapor bubble. We use a simplified version of the macro-micro region model to evaluate the phase change rate at the triple point. To evaluate the temperature gradient in the micro region, we assume a thermal layer transitioning linearly between the substrate and boiling saturation temperatures. Using the coordinates system (ψ, χ) shown in Figure 2 we define the temperature in micro region T (ψ, ξ), and location of vapor liquid interface η(ξ):
The temperature gradient is normal to the liquid-vapor interface: Let ψ = ξ tan(θ mic /2), and taking the average of ∇T · n along the vapor-liquid in the micro region:
We have to set the parameters, h mic , h mac , and θ mic , for this model. It is evident that the value for h mic should be greater than zero, but small as possible. We choose a value corresponding to smallest physical scale (∝ order of magnitude of liquid molecules). We set h mac to the height that we computationally resolve at the triple point (the height of the grid covering the triple point region) and chose θ mic a value smaller than the apparent contact angle. The apparent contact angle for a vapor bubble sitting on the substrate under liquid can be found from the surface tension coefficients:
Numerical methods and tests
Here, we bring a short summary of the numerical methods. The numerical method for the multimaterial system and phase change dynamics are described in [24] [25] [26] . The numerical methods related to solid mechanics and fluid-structure interaction are explained in [29] . The numerical algorithm is described for a uniform rectangular Cartesian grid. Our algorithm is a staggered grid method in which the velocity is discretized on the "MAC" grid (cell face centers) and the pressure, temperature, level set functions, volume fractions, and centroids are discretized at the cell centers. A computational cell, Ω i, j , is defined as,
where x i, j = x i , y j is the center of the cell Ω i, j . The domain of material m in a cell at time t n is denoted by Ω n m,i, j , and the zeroth and first order moments of the mth material distribution, corresponding to the volume fraction and centroid position, are defined as,
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A staggered grid used for defining the variables. Velocity components are defined on the face centers while other variables such as pressure and temperature are defined on the cell centers. We use a coupled level set and momentof-fluid reconstruction in order to approximate the distribution of each material in a given cell (see Figure 3 .b).
1 − Liquid 2 − Gas We use the volume fraction, level set function, and centroid data to calculate a piecewise linear reconstruction to the interface in cells that have material interface(s). A reconstructed piece is a line in 2D (a plane in 3D). In a multimaterial cell a moment-of-fluid reconstruction is applied. This procedure is local to the cell and uses the reference volume fraction, F ref ≡ F n m,i, j , and reference centroid, x c ref ≡ x n m,i, j to find the linear(planer) interface reconstruction that has the volume fraction equal to F ref , and has the least amount of error for centroid position. We find the actual volume fraction F act (n, b) and centroid x c act (n, b) for a reconstructed line(plane) with the normal n and intercept b which minimizes Figure 4 ). To have a better interface connectivity between reconstructed interfaces, we use the continues moment-of-fluid (CMOF) described in [40] .
+ + 
Starting from a whole cell and repeating this process while only considering the uncaptured regions from previous steps, we can reconstruct the material interface for each phase in a multimaterial cell (see [24] for algorithm details). This tessellating procedure generates a volume preserving reconstruction at triple-points (see Figure 5) . The level set functions are initialized as the signed distance functions to their corresponding zero level set. However, it is well known that numerical solution of the level set equation leads to the deviation of the level set functions from the signed distance function to the zero level set. We use the redistancing method described in [40] .
The fluid solver method is similar to the multimaterial method described in [24, 25] , with some modifications. The fluid advection is based on the directionally split cell integrated semi-Lagrangian (CISL) method. This method act on the equations of the form Eq. (17), and apply the conservative approach of Weymouth and Yue [41] ,
This approach is specifically helpful for phase-change systems since the ∇ · u on the right hand side of Eq. (33) may be used to account for volume the expansion/shrinkage due to phase-change process. Evaluation of heat conduction, and viscous terms are done by an implicit BiCGSTAB with Jacobi preconditioner.
A pressure projection method is used to evaluate the velocity at the next time step
See [24, 25, 40] for more details of the discretized numerical algorithms. To evaluate the solid dynamics, staggered grids are used on the solid along s. All the solid variables are defined on the node vertices i, except the the solid tension is defined on the centroid of the grid nodes aî . Equations (19) and (20) are then solved in the following sequence:
where D s is the difference operator along s. The interaction force between the plate and the fluid, F s n is evaluated as follow,
The fluid velocity along the solid is calculated using a smoothed delta function,
with ∆x and ∆y are the grid sizes around the solid in x and y directions, respectively. δ h is chosen to be a four-point smoothed delta function, 
The other variables are transferred between Eulerian and Lagrangian descriptions similarly. The smooth delta function shown in Eq. (44) is also used for transforming the contact force in Eq. (24) .
Algorithm overview
The overall steps of the algorithm is described here. We assume at the time step t = t n that the velocity (MAC grid points), temperature, volume fractions, level set functions, and centroid positions are given.
• Fluid-structure interaction: Velocity from fluid is transferred to solid nodes and feedback force is evaluated, and then transformed back to fluid grid using the smooth delta function kernel.
• Advection: A tessellating reconstruction is calculated. The distribution of materials, mass, momentum and energy, derived by advective parts of Equations (4), (7) and (9), are evaluated using cell integrated semiLagrangian(CISL) methods. The exact signed distance function is evaluated using the reconstructed interface.
• Phase change: The material conversion due to phase change process is evaluated, and changes to the signed distance function, volume fractions and cell centroids are accounted for.
• Diffusion, and surface tension: The viscous force in Eq. (7) and temperature diffusion in Eq. (9) is evaluated.
The distribution of mass in face control volumes and curvature from level set function are calculated to evaluate the surface tension force.
• Pressure Projection: An approximate projection step applied to evaluate the pressure gradient force. The numerical methods are developed to take advantage of the Adaptive Mesh Refinement algorithms and multicore/multinode parallel technologies such as MPI and OpenMP. The problem domain is at level 0 of the resolution and then refined to finer resolutions where accurate results are needed. The grid at each refinement is decomposed to non-overlapping rectangular grids and assigned to available computation units. To have a consistent algorithmic accuracy, we make the parameters and variables dimensionless in our simulation. We choose the characteristic length (L c ), mass (M c ), time (T c ), and temperature (Θ c ) as the main characteristic values and derive the other characteristic units respectively (see Table 1 ). Also, there are non-dimensional parameters that can represent the different characteristics of the system and would be helpful for comparison with the studies in the literature:
The drag force (F D ), lift force (F L ), and power (P) are evaluted for the structure based on the structure force density F s :
where e χ is the unit vector in direction χ.
Verification Test 1: Fluid-Structure interaction, static structure
First, we test the fluid-structure interaction with a rigid static body. A cylinder is put in the constant incoming flow. The problem setup is shown in Figure 6 .a, and parameter values are given in Table 4 . The induced lift and drag forces on the cylinder are measured and corresponding coefficients are calculated. There is a good agreement between results of present study and value reported in the literature (see Table 2 ).
Verification Test 2: Fluid-Structure interaction, moving structure
In this test a flexible plate (pinned on one end and free on the other end) is placed in a constant incoming flow, and the dynamic response of the plate and surrounding flow are evaluated and compared the previous studies. The problem Quantity Unit
Quantity Unit
Quantity Unit Table 1 Units of parameters and variables in base units. The fluid and structural spatial dimensions are shown as D f and D s respectively. Amplitude Frequency Huang et al. [35] ±0.35 0.30 Wang et al. [45] ±0.35 0.31 Lee et al. [46] ±0.38 0.31 Goza et al. [47] ±0.38 0.32 Present ±0.38 0.32 Table 3 Reported values for dimensionless characteristics of ∆y free end /L c domain, initial and boundary conditions, shown in Figure 6 .b, are set to match the test case by Huang et al. [35] (see Table 4 for parameter values). These parameters lead to a plate limit cycle flapping. The displacement of the free end of the plate is shown in Figure 8 . The amplitude and frequency of this measurement is evaluated, and are in close agreement the values reported in the literature (see Table 3 ). The vorticity contours are also shown for four instances in a limit cycle in Figure 9 .
Verification Test 3: Nucleate pool boiling
We test our method for nucleate pool boiling of a single vapor bubble. The problem initial and boundary conditions are shown in Figure 6 .c for a 2D axisymmetric setup. We choose parameter to be similar to the experiments reported in [37, 39] . (see Table 4 for parameter values). The results of 2D-axisymmetric simulation shows good agreement with the experimental results. Also, diameter of the bubble show convergence under grid refinement. The similar setup in 2D XY simulation shows significantly longer departure time. This is caused by the dimensional suppression of surface tension forces in 2D-XY cases.
Pool boiling and vortex generator
The pool boiling is a process in which the hot substrate is submerged in the pool of liquid, and may occur in heat exchangers. Applications of vortex generators are considered in heat exchangers without phase change [48, 49] . Here we demonstrate the initial results for the effect of an active vortex generator on a single bubble nucleate boiling process as an example of the our multiphase multimaterial FSI method.
This problem consist of a single vapor bubble nucleated downstream of a periodically forced plate. The problem setup and initial condition are shown in Figure 6 .d. The fixed end of the plate is under forced motion with y f = 2L c + A f sin(2π f f + π), and the other end is free. We impose a hydrodynamic and thermal boundary condition as the initial condition and inflow boundary condition. The boundary layer thicknesses are evaluated for a laminar flow [50] :
where x inlet is the distance to the beginning of the inlet, Pr is the Prandtl number, and δ u , δ T are hydrodynamics and thermal boundary layer thicknesses. A variable χ with boundary layer thickness δ χ has the following profile in the boundary layer transitioning from the bulk value to the to the value at the surface of the substrate:
We study four different cases of this problem.
• Case 0: The control case. The plate is not included, and boiling is only influenced by the cross stream.
• Case 1: The whole plate is rigid.
• Case 2: The first half of the plate is rigid, and second half is flexible.
• Case 3: The whole plate is flexible. Parameters for the case 3 are given in Table 4 . The temperature and velocity values of multiple frames of each simulation case is shown in Figure 11 . Also, the vapor bubble diameter and displacement under cross stream are shown in Figure 12 . The simulation results show that droplet diameter does not change significantly under different simulation scenarios. Case 2 show ≈ 5% increase in diameter compare to case 0. However, bubble displacement before departure is significantly changed by the vortex generator. The bubble is pushed downstream 102%, 85%, and 18% more by the rigid, half flexible, and flexible plates respectively. That is, rigidity of the place play an important role in displacement of the vapor bubble.
We can measure the effect of the vortex generation on heat transfer from the substrate to the fluids by evaluating the convection heat transfer coefficient c x and Nusselt number Nu: Figure 13 shows that the rigid, half flexible, and flexible plates on average increase the Nusselt number to 11.1, 10.7, and 5.5 times the base case value. This heat transfer enhancement can be observed by the mixing in the thermal boundary layer (see Figure 11 at frame t/t c = 35. Also, the vapor bubble growth and its interaction with the plate enhances the mixing and heat transfer further, which is more substantial in the flexible plate case. Furthermore, we can study the forces acted on the plate. We evaluate the lift and drag forces on the plate in each case. The drag forces are of the same order of magnitude in all cases ( Figure 14) . However, the lift forces of the rigid and half flexible plates are about 4 times higher than the flexible plate case (Figure 15 ). This means that more energy is needed to oscillate the plates in cases 1 and 2 compare to case 3. This is also evident in Figure 16 , that shows the rate of work done by forces on the structure. This brief analysis shows that introduction of active vortex generators may enhance the thermal energy transfer. Although the rigid and half rigid plates show more effects on the vapor bubble displacement, the flexible plate require less energy to for actuation.
Conclusion
We have shown the capability of our approach and numerical methods for simulation of multimaterial multiphase systems involving fluid structure interaction with simple test problems. The vortex generator and nucleate pool boiling is an example of problems that benefit from this modeling and simulation approach. The boiling and vortex generator system has many parameters which would change the system responses significantly. A study will be conducted to analyze these dynamics thoroughly. 
